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ABSTRACT 
Planar Fabry-Pérot (FP) ultrasound sensor arrays have been used to produce in-vivo photoacoustic images of 
high quality due to their broad detection bandwidth, small element size, and dense spatial sampling. However 
like all planar arrays, FP sensors suffer from the limited view problem. Here, a multi-angle FP sensor system is 
described that mitigates the partial view effects of a planar FP sensor while retaining its detection advantages. 
The possibility of improving data acquisition speed through the use of sub-sampling techniques is also explored. 
The capabilities of the system are demonstrated with 3D images of pre-clinical targets 
Introduction 
Thin-film Fabry-Pérot (FP) interferometric ultrasound sensors have been used to produce photoacoustic images 
of high quality[1], [2]. For simplicity of manufacture, FP sensors are produced in a planar form. As with all 
planar detectors, images produced with data from a single FP sensor array suffer from limited view artifacts[3], 
[4]. In a previous work [5]–[7] it has been shown that the use of two orthogonal FP sensor planes can produce 
images with reduced artifacts and sharper details in ex-vivo conditions. Here the use of multiple additional 
planes to further increase the solid angle subtended by the array is explored.  
Multiple sensor planes were synthesised by rotating the imaged target relative to the sensor plane. Whilst 
rotating the target is not a novel way of dealing with the limited-view problem [8]–[12], it has not previously 
been implemented using a FP sensor, and allows different arrangements to be tested at this proof-of-principle 
stage. For example, the positions of the multiple planes can be altered by changing the distance between the 
centre of rotation and sensor plane, by changing the size of the region of the sensor that is interrogated, by 
changing the size of the angle between subsequent sensor positions, and by changing the overall number of 
sensor positions.  
System design 
The system, shown in Fig. 1, consisted of a planar Fabry-Pérot thin film interferometer [1], mounted vertically, 
and a custom interrogation system mounted horizontally relative to the sensor. The sample was held directly in 
front of the sensor in a custom sample holder, which was rotated by a stepper motor (Sanyo Denki 103H5208-
0440). Excitation light, from a Quantel Ultra (λ=1064nm, 8ns pulse width, 20Hz repetition rate), was introduced 
into the volume in backward mode through the sensor.   
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Figure 1 System diagram. Standard Fabry-Pérot(FP) sensor mounted vertically, interrogated by a custom 
interrogation system. The sample is held in front of the sensor in a custom mount. The sample mount is rotated by 
a stepper motor. Excitation light is introduced in backward mode through the sensor. The water tray used to 
acoustically couple the sample to the sensor is not shown.  
Registration procedure 
In order to register all of the planes’ local coordinate systems to a single global coordinate system, a registration 
procedure was developed. A registration phantom consisting of three separate 17 µm polymer strands was 
photoacoustically imaged from each sensor position. In this case six angles, each 45° apart, were used to give a 
total angular aperture of 225°. The separate images for each plane/angle were reconstructed using time 
reversal[13], [14], and for each a point cloud was generated by thresholding the voxels based on their image 
intensities (Fig. 2(a)). A rigid point set registration [15] was then used to align the point clouds and thereby 
register each plane to the universal coordinate system. The six planes registered to a single universal coordinate 
system can be seen in Fig. 2(b).  
 
 
Reconstruction 
An iterative time-reversal image reconstruction algorithm[16], [17] was used to obtain a single photoacoustic 
image from the combined data from all sensor planes. An iterative technique has the benefit of allowing the dual 
physically-justified constraints of zero initial acoustic particle velocity and non-negative initial acoustic pressure 
to be enforced. This improves the quality of the image by, for example, reducing the level of artifact, compared 
to a linear sum of the individual images. Fig. 3 demonstrates this with two reconstructions of the registration 
phantom obtained with different algorithms. In Fig. 3(a) the image is the sum of the images obtained for each 
Figure 2 (a) demonstration of two point clouds generated from two different planar positions having been 
registered using the rigid point registration. (b) Position of 6 planes registered to global co-ordinate system. 
(a) (b) 
Proc. of SPIE Vol. 10064  100641F-2
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 08/14/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx
  
individua
simultane
to the im
to their r
than the 
scheme w
Figure 3 c
reconstruc
are plotted
artifacts ar
  
To demo
phantom
Skeletal 
The skele
with a si
leaf (afte
perpendic
plane wa
of 45°, w
4 shows 
The fine 
the leaf 
demonstr
non-unifo
shading t
 
l plane, wher
ously. In Fig
proved recon
espective ma
summed ima
as a k-space 
omparison bet
tions for each 
 on a normalis
e present obvio
nstrate the sy
s are imaged, 
leaf phantom
tal leaf phan
ngle sensor, a
r having bee
ular to the a
s interrogated
ere imaged to
maximum in
structural det
can be seen 
ating the syst
rm fluence d
hose parts of 
eas in Fig. 3
. 3(a) negativ
struction tech
ximum value
ge. The acou
pseudospectr
ween reconstru
plane. (b) Itera
ed scale. The in
us in the summ
stem’s abilit
a skeletal leaf
 
tom has fine 
s some of th
n soaked in I
xis of rotation
 over a region
 give an angu
tensity projec
ail of the lea
in the two 
em’s inherent
istribution ca
leaf further fr
(b) the imag
e artifacts are
nique. Furthe
s, the iterated
stic forward m
al time-domai
ctions of the r
ted time rever
tensity of the i
ed reconstruct
Expe
y to photoac
 phantom and
structure runn
e structure is 
ndia ink for 
 and acousti
 of 20 × 10m
lar aperture o
tions of the i
f can clearly
lateral projec
 3D imaging 
used by parts
om the sensor
(a) 
e was iterativ
 clearly prese
rmore, althou
 reconstructio
odel used in
n propagation
egistration pha
sal using data 
terated feature
ion.  
rimental re
oustically im
 tube phantom
ing at severa
likely to lie a
24 hours to 
cally coupled
m in 100µm
f 225°. The t
mages of the
be seen to ha
tions, with i
capability. Th
 of the leaf c
.  
ely reconstru
nt, however i
gh it is not vi
n, Fig. 3(b) 
 the iterative
 model, k-W
ntom through 
from combined
s is double that
sults 
age complex 
 tied in a kn
l different ang
t angles clos
improve the 
 to the senso
 step sizes. Si
otal size of th
 leaf phantom
ve been recov
ts warped fo
e darker shad
loser to the s
(
cted using th
n Fig. 3(b) th
sible, as both 
has features w
 time-reversa
ave [18]. 
a single slice. 
 sensor geome
 of the summed
structures ov
ot.  
les, making 
e to perpendi
contrast) was
r using deion
x planes, wit
e domain was
 along three
ered well. Th
rm not occu
ed regions in
ensor (and to
b) 
e data from 
ese are not pr
images are n
ith larger m
l image recon
 
(a) Summed in
try. Both reco
 reconstruction
er a large re
it challenging
cular to the p
 placed appro
ized water. T
h an angular i
 45 × 45 × 10
 orthogonal d
e non-planar
pying a sing
 the image ar
 the excitatio
all planes 
esent due 
ormalised 
agnitudes 
struction 
dependent 
nstructions 
. Negative 
gion, two 
 to image 
lane. The 
ximately 
he sensor 
ncrement 
mm. Fig. 
irections. 
 shape of 
le plane, 
e due to a 
n source) 
Proc. of SPIE Vol. 10064  100641F-3
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 08/14/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx
  
Figur
orien
throu
Tube Ph
The tube 
India ink
scattering
same as f
distributi
is well re
e 4 Reconstruc
tations are show
gh the sensors.
antom 
phantom con
 (diluted to 
 Intralipid (0
or the leaf ph
on of the kno
covered with 
tion of initial p
n. (a) is the pr
 Dark regions i
sisted of a 58
1/160) for co
.05%), in ord
antom. Fig. 
t phantom alo
no prominent
(a) 
X 
Y
(c) 
X 
Z
ressure distribu
ojection down 
n the centre of 
0µm inner dia
ntrast. The p
er to help ho
5 shows maxi
ng three orth
 artifacts. 
tion of the leaf
between the se
the leaf are cau
meter tube, ti
hantom was
mogenize th
mum intensit
ogonal directi
 phantom from
nsors. (b) and (
sed by a non-o
ed in a doubl
acoustically c
e fluence. Th
y projections
ons, as for th
 the multiview
c) show the lat
ptimum fluenc
e coin knot. T
oupled to th
e imaging pa
 of the recons
e leaf phantom
(b)
Y
Z 
 
 system. Three 
eral projections
e distribution. 
he tube was f
e sensor usin
rameters rem
tructed initia
. The knot’s
 
illed with 
g weakly 
ained the 
l pressure 
 structure 
Proc. of SPIE Vol. 10064  100641F-4
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 08/14/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx
  
Figur
iterat
show
Sub-sam
One adva
detector 
With the 
hours. (T
the use o
the knot 
mask and
regulariz
incremen
demonstr
in practic
select the
the full d
is a sligh
a trade-o
general, d
vivo cond
this trade
e 5 Reconstruc
ive time revers
 the lateral proj
pling 
ntage of the 
element size. 
current system
his is limited 
f compressed
tube phantom
 then reconst
ation (which 
ts to be acq
ation the sub-
e, the numbe
 subset of po
ata set (b) can
t degradation 
ff between im
epend on wh
itions, dynam
-off to the adv
tion of initial p
al. Three orient
ections throug
FP sensor is
This necessar
, which mea
by the 20Hz r
 sensing[19]–
 was subsam
ructing by au
is conceptua
uired in the 
sampling wa
r of measurem
ints at which 
 be seen in F
in the sharpn
age quality 
at is being im
ic changes o
antage of the
(a) 
X 
Y
(c) 
X 
Z
ressure distribu
ations are show
h the sensors. 
 the possibili
ily leads to a
sures the poin
epetition rate
[21] with this
pled spatially
gmenting the
lly similar t
time taken t
s applied afte
ent points w
to collect dat
ig. 6. It can b
ess of the fea
and time tak
aged and on 
f the target du
 sub-sampled
tion of a knott
n. (a) is the pr
ty of samplin
 large numbe
ts sequential
 of the excita
 new geomet
 (but not tem
 iterative time
he methods 
o acquire th
r the full data
ould be redu
a.) The image
e seen that the
tures in the su
e to acquire 
the regulariza
ring data acq
 data.     
ed tube phantom
ojection down 
g the acousti
r of measurem
ly, the acquisi
tion laser.) In 
ry was investi
porally) to 
 reversal met
used in [21]
e full data f
 had been acq
ced, ie. a sub
 reconstructe
 structure of 
b-sampled im
an image. Th
tion term use
uisition (such
 from the mul
between the sen
c field at hig
ent positions
tion time for 
order to redu
gated. The fu
1/6 its origina
hod used bef
). This woul
or a single p
uired, to redu
-sampling sch
d from the su
the knot is pr
age, demons
e severity of
d in the imag
 as motion) c
(b)
Y
Z 
 
tiview system 
sors. (b) and (
h density wit
: 110000 in t
all 110000 po
ce the acquisi
ll data set acq
l size using 
ore with total
d allow all 
lane. (Whils
ce the acquis
eme would b
b-sampled da
eserved, how
trating – for t
 this trade-of
e reconstructi
an significant
using 
c) 
h a small 
his study. 
ints is ~2 
tion time, 
uired for 
a random 
 variation 
six angle 
t for this 
ition time 
e used to 
ta (a) and 
ever there 
his case – 
f will, in 
on. In in-
ly change 
Proc. of SPIE Vol. 10064  100641F-5
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 08/14/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx
  
Figur
origin
A photoa
relative t
two phan
a knotted
are 45 × 
sub-samp
mode, wa
Future w
pre-clinic
[1] 
plan
biolo
[2] 
T. M
of m
2015
[3] 
therm
[4] 
algor
S81–
[5] 
mini
Sens
[6] 
for p
e 6 Reconstruc
al data set size
coustic tomo
o the imaged
toms were im
 tube phantom
45 × 10 mm 
ling techniqu
s investigated
ork will inclu
al imaging de
E. Zhang, J. 
ar Fabry-Pero
gical tissues,
A. P. Jathoul,
arafioti, M. F
ammalian tiss
. 
Y. Xu, L. V
oacoustic to
G. Paltauf, R
ithms for lim
S94, 2007. 
R. Ellwood, 
mal-artifact p
ing, 2015, 93
R. Ellwood, O
hotoacoustic 
(a
ted knotted tub
) using iterativ
graphic imag
 volume by r
aged: a skele
. This system
in order to m
e, using as m
 and shown t
de a full char
monstrations
Laufer, and P
t polymer f
” Appl. Opt., 
 J. Laufer, O.
. Lythgoe, R
ues using a ty
. Wang, G
mography,” M
. Nuster, M. 
ited view ph
E. Zhang, P
hotoacoustic
23, p. 932312
. Ogunlade, 
tomography,”
) 
e phantom with
e time reversal
Conclus
ing system 
otating the ta
tal leaf, which
 is capable 
inimize mem
any measurem
o still produc
acterisation o
.  
. Beard, “Ba
ilm ultrasoun
47, no. 4, pp. 
 Ogunlade, B.
. B. Pedley, M
rosinase-bas
. Ambartsou
ed. Phys., 31
Haltmeier, an
otoacoustic t
. Beard, and
 tomography
. 
E. Z. Zhang,
 in Proceedin
 (a) full data s
 technique augm
ion and futu
based on a s
rget was deve
 demonstrate
of imaging a 
ory requireme
ent points fo
e good quality
f the system
REFERENCES
ckward-mode
d sensor fo
561–577, 200
 Treeby, B. C
. A. Pule, an
ed genetic rep
mian, and P
, no. 4, p. 724
d P. Burgho
omography w
 B. Cox, “O
,” in Proc. o
 P. C. Beard, 
gs of SPIE, 2
et reconstructed
ented with tot
re work 
ingle FP sen
loped. To de
d the system’
volume of 45
nts). In orde
r all angles a
 images.  
capabilities, s
 
 multiwavele
r high-resolu
8. 
ox, E. Zhang
d P. Beard, “
orter,” Nat. P
. Kuchment,
, 2004. 
lzer, “Experi
ith line detec
rthogonal Fa
f SPIE, Phot
and B. T. Co
016, 9708, p. 
 and (b) sub-sa
al variation reg
sor that sim
monstrate the
s ability to im
 × 45 × 26m
r to reduce im
s used for a s
peeding up th
ngth photoac
tion three-dim
, P. Johnson, A
Deep in vivo 
hotonics, 9, n
 “Reconstruc
mental evalu
tors,” Inverse
bry-Pérot se
ons Plus Ult
x, “Orthogon
97082N. 
(b)
mpled data (1/
ularisation. 
ulated multip
 system’s ca
age fine stru
m (images sh
age acquisiti
ingle angle in
e data acquis
oustic scanne
ensional im
. R. Pizzey, 
photoacoustic
o. April, pp. 
tions in lim
ation of recon
 Probl., 23, n
nsor array sy
rasound: Ima
al Fabry-Péro
 
6th 
le planes 
pabilities, 
cture, and 
own here 
on time a 
 full scan 
ition, and 
r using a 
aging of 
B. Philip, 
 imaging 
239–246, 
ited-view 
struction 
o. 6, pp. 
stem for 
ging and 
t sensors 
Proc. of SPIE Vol. 10064  100641F-6
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 08/14/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx
  
[7] R. Ellwood, O. Ogunlade, E. Zhang, P. Beard, and B. Cox, “Photoacoustic tomography using 
orthogonal Fabry – Pérot sensors,” J. Biomed. Opt., 22, no. 4, 2017. 
[8] R. A. Kruger, W. L. Kiser, D. R. Reinecke, and G. A. Kruger, “Thermoacoustic computed tomography 
using a conventional linear transducer array,” Med. Phys., 30, no. 5, p. 856, 2003. 
[9] R. A. Kruger, W. L. Kiser, D. R. Reinecke, G. A. Kruger, and K. D. Miller, “Thermoacoustic 
Molecular Imaging of Small Animals,” Mol. Imaging, 2, pp. 113–123, 2003. 
[10] J. Gamelin, A. Aguirre, A. Maurudis, F. Huang, D. Castillo, L. V Wang, and Q. Zhu, “Curved array 
photoacoustic tomographic system for small animal imaging.,” J. Biomed. Opt., 13, no. 2, p. 24007, 2010. 
[11] H.-P. Brecht, R. Su, M. Fronheiser, S. A. Ermilov, A. Conjusteau, and A. Oraevsky, “Whole-body 
three-dimensional optoacoustic tomography system for small animals,” J. Biomed. Opt., 14, p. 64007, 2009. 
[12] M. Oeri, W. Bost, S. Tretbar, and M. Fournelle, “Calibrated Linear Array-Driven 
Photoacoustic/Ultrasound Tomography,” Ultrasound Med. Biol., 42, 11 pp. 1–11, 2016. 
[13] Y. Xu and L. Wang, “Time Reversal and Its Application to Tomography with Diffracting Sources,” 
Phys. Rev. Lett., 92, no. 3, pp. 3–6, 2004. 
[14] P. Burgholzer, G. Matt, M. Haltmeier, and G. Paltauf, “Exact and approximative imaging methods for 
photoacoustic tomography using an arbitrary detection surface,” Phys. Rev. E, 75, no. 4, pp. 1–10,  2007. 
[15] A. Myronenko and X. Song, “Point set registration: coherent point drift,” IEEE Trans Pattern Anal 
Mach Intell, 32, no. 12, pp. 2262–2275, 2010. 
[16] G. Paltauf, J. A. Viator, S. A. Prahl, and S. L. Jacques, “Iterative reconstruction algorithm for 
optoacoustic imaging,” J. Acoust. Soc. Am., 112, no. 4, p. 1536, 2002. 
[17] P. Stefanov and G. Uhlmann, “Thermoacoustic tomography with variable sound speed,” Inverse Probl., 
25, no. 7, p. 75011, 2009. 
[18] B. E. Treeby and B. T. Cox, “k-Wave: MATLAB toolbox for the simulation and reconstruction of 
photoacoustic wave fields,” J. Biomed. Opt., 15, no. 2, p. 21314, 2010. 
[19] J. Provost and F. Lesage, “The application of compressed sensing for photo-acoustic tomography.,” 
IEEE Trans. Med. Imaging, 28, no. 4, pp. 585–94, 2009. 
[20] Z. Guo, C. Li, L. Song, and L. V Wang, “Compressed sensing in photoacoustic tomography in vivo.,” 
J. Biomed. Opt., 15, no. 2, p. 21311, 2011. 
[21] S. R. Arridge, P. Beard, M. M. Betcke, B. Cox, N. Huynh, F. Lucka, O. Ogunlade, and E. Zhang, 
“Accelerated High-Resolution Photoacoustic Tomography via Compressed Sensing,” Phys Med Biol, 61, 
pp. 8908–8940, 2016. 
 
Proc. of SPIE Vol. 10064  100641F-7
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 08/14/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx
